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Edited by Julian SchroederAbstract Patch-clamp experiments revealed that near isogenic
ET8 (Al-tolerant) and ES8 (Al-sensitive) wheat cultivars diﬀered
signiﬁcantly in slow vacuolar channel properties. Under control
conditions, whole vacuole currents displayed faster deactivation
in ES8. Application of 1.4 lM vacuolar Al3+ caused a 20 mV in-
crease in the activation threshold and slowed activation kinetics
in ET8 but not in ES8. Channel density was about 30% higher
in ES8 than ET8, and was not altered by 24 h aluminium pre-
treatment. However, the activation threshold was reduced in
Al-pre-treated ES8. Overall, our data suggests that Alt1 locus
may control more than the plasma membrane malate channel
in wheat.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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aestivum1. Introduction
Despite aluminium (Al) toxicity being the most signiﬁcant
constraint to plant growth in acid soils, the primary mecha-
nism of Al toxicity remains unclear [1]. Disruption of Ca
homeostasis has been suggested as a primary trigger of Al tox-
icity [2]. A sustained elevation of cytosolic Ca2+ in response to
Al has been demonstrated in a number of diﬀerent plant spe-
cies [3–5], potentially interfering with the normal cytosolic
Ca2+ signalling and disrupting Ca2+ dependent metabolic pro-
cesses.
ET8 and ES8 are two near-isogenic lines of wheat (99%
homology) that diﬀer in Al tolerance at a single genetic locus,
Alt1 [6]. Almost every paper published so far has attributed Al
tolerance in ET8 exclusively to Al induced malate eﬄux which
chelates Al3+ [7].
Recently, it has been shown that in intact apical root cells,
Al induces a larger and faster increase in cytosolic Ca2+
activity in ES8 than ET8, which was correlated with Al in-
duced growth inhibition [3]. This supports the possible involve-
ment of raised cytosolic free calcium [Ca2+]cyt in Al toxicity,Abbreviations: Al, aluminium; SV, slow vacuolar; [Ca2+]cyt, cytosolic
free calcium
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doi:10.1016/j.febslet.2005.11.038yet the source and mechanism of Al-induced Ca2+ rise is
unknown.
Experiments in BY2 tobacco cells have suggested that Al
stimulates elevated [Ca2+]cyt by production of O

2 which opens
a ROS activated Ca channel [8]. Further experiments by the
same authors with tobacco expressing the Arabidopsis two
pore channel (AtTPC1) suggested that the ROS activated Ca
channel is in fact the TPC1 channel [9]. The authors concluded
that TPC1 is likely to be expressed in the plasma membrane
[8,9]. However, recent experiments on Arabidopsis mutants
lacking and over expressing TPC1 have explicitly demon-
strated that this channel is actually present in the tonoplast,
not the plasma membrane. Moreover, these studies have
shown that TPC1 is identical to the ubiquitous slow vacuolar
(SV channel) and is involved in Ca2+ signalling [10]. This calls
for further study of the involvement of the SV channel in Al
induced signalling, toxicity and tolerance, which was the aim
of this work.2. Materials and methods
2.1. Plant material and isolation of vacuoles
Wheat (Triticum aestivum L.) seedlings of cultivars ET8 and ES8
were germinated in a ﬂoating mesh on aerated 500 mL solutions of
0.2 mM CaCl2, pH 4.5. After 4–5 days, protoplasts were isolated from
the terminal 2–3 mm of roots as has been described previously [11].
For experiments examining pre-treatment of Al, the growth solution
was replaced with fresh solution containing 14 lM AlCl3 24 h prior
to isolation. Isolated protoplasts were held on ice until required.
2.2. Experimental solutions
The standard bath solution contained (in mM): 100 KCl, 2 CaCl, 15
HEPES, adjusted to pH 7.5 with KOH. The standard pipette solution
contained (in mM): 100 KCl, 2 CaCl, 15 MES, adjusted to pH 5.0 with
KOH. For experiments where Al was included in the pipette, 30 or
144 lMAlCl3 was added to the standard pipette solution (from a stock
of 10 mM AlCl3 in 0.1 mM HCl). This resulted in a ﬁnal free vacuolar
Al3+concentration of 0.3 and 1.4 lM, respectively, as calculated by
Geochem [12]. Osmolality of all solutions was adjusted to 450 mOsm
with sorbitol using a cryoscopic osmometer (Osmomat 030, Gonotec,
Germany).
2.3. Patch-clamp protocols and analyses
Fabrication of patch pipettes was as described previously [13]. Cur-
rent measurements were performed using an Axopatch 200A integrat-
ing patch-clamp ampliﬁer (Axon Instruments, Foster City, CA, USA).
Vacuolar ion currents were measured under voltage clamp conditions
using two diﬀerent recording modes: whole vacuole and cytosol out
patches. Voltage sign convention was cytosol minus vacuole. Relative
open probability and channel density were calculated as outlinedblished by Elsevier B.V. All rights reserved.
Fig. 1. Eﬀect of Al on the activation of SV currents. (A) An example of SV current recording in ET8 vacuole. The same vacuole was ﬁrst internally
perfused with a control solution, and then with a new pipette containing 1.4 lM free Al3+. (B) Mean (±SD) values of characteristic activation time as
a function of voltage show that addition of 1.4 lM free Al3+ slowed the activation of SV signiﬁcantly only in ET8 vacuoles. Sample size n = x/y
indicates x individual vacuoles from y separate protoplast preparations. Each isolation is from 27 individual plants.
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vided by single channel current (Fig. 2A) and normalised to maximum
for each vacuole. Activation time course was ﬁtted to 2nd order Hodg-
kin–Huxley kinetics, yielding characteristic activation time, s. Single
channel I/V curves were obtained from cytosol out patches by applying
to a protocol of 50 ms ramps from 200 to +200 mV from a voltage
holding potential of 50–70 mV, where only 1–2 channels were open
at a time.3. Results
In ET8, but not ES8, 1.4 lM free vacuolar Al3+ (pH 5.0) slo-
wed the activation kinetics of SV channels (Fig. 1) causing
approximately a 20 mV increase in the activation threshold
and reducing open probability by almost one order of magni-
tude at physiological potentials (Fig. 2). This indicates cultivar
speciﬁc (ET8 only) stabilisation by Al of the closed states vs.
open state of SV. This eﬀect is similar to that of vacuolar
Ca2+, yet at much lower concentration (1.4 lMAl3+ compared
with 10 mM Ca2+, data not shown). There was no eﬀect of vac-
uolar Al3+ on deactivation kinetics in either ET8 or ES8, but
the deactivation was approximately two times faster in ES8
across the whole voltage range (Fig. 3). Al3+ (free concentra-
tion of 0.3 and 1.4 lM at pH 5.0) applied from luminal side
of an excised patch reduced current through a single open
SV channel both in ET8 and ES8. The block was voltage-
dependent, with only cytosol directed negative currents being
aﬀected (Fig. 2A), suggesting that the binding site for Al3+
within the SV channel pore is located at some electric distance
from the membrane surface. However, the block was only par-
tial at large negative potentials, which implies that Al3+ can
permeate the pore.The SV channel density was signiﬁcantly (P < 0.01) higher
in ES8 than ET8 47.7 ± 5.3 (n = 19) and 63.0 ± 7.5 (n = 14)
SV channels per 100 lm2 of membrane surface and not al-
tered signiﬁcantly (P > 0.05) after 24 h pre-treatment with
14 lM AlCl3 (data not shown). However, analysis of the
SV channel voltage dependence, measured immediately after
achieving of the whole vacuole conﬁguration, revealed a sub-
stantial diﬀerence between ET8 and ES8. Whereas the volt-
age dependence for SV channels in ET8 was similar to that
for untreated plants, SV channels in ES8 displayed a sub-
stantially lower threshold for voltage activation (more than
one order of magnitude increase in open probability at phys-
iological potentials, data not shown). Perfusion of the vacu-
ole by control pipette solution over 5–6 min completely
abolished this shift in voltage dependence. Even though
the shift was signiﬁcant statistically, this data must be trea-
ted as preliminary as only a small number of vacuoles were
successfully patched (ET8 n = 3, ES8 n = 4). With untreated
plants there was an increase in activation threshold with per-
fusion time, but this shift was much smaller in magnitude
(data not shown).4. Discussion
4.1. Genetics of ET8 and ES8
ET8 and ES8 wheat cultivars have been used as a model
system to study Al tolerance as they only diﬀer at a single
genetic locus [6]. Very strong evidence has been presented
to support the hypothesis of Al activated malate eﬄux as
the only mechanism conferring the diﬀerence in Al tolerance
between ET8 and ES8 [7] and tolerance was attributed to
Fig. 3. Eﬀect of Al3+ on deactivation kinetics of SV current. (A)
Voltage protocol to evoke tail currents and typical current response of
ET8. (B) Tail currents were ﬁtted to mono-exponential function,
yielding characteristic times for deactivation (t). Free vacuolar Al3+
concentration was 1.4 lM.
Fig. 2. Modulation of the SV channel voltage dependence by vacuolar
Al3+ in ET8 and ES8. (A) Eﬀect of Al3+ on single channel I/V curve
from ES8. (B) Mean (±SD) of open probability as a function of
voltage. Free vacuolar Al3+ concentration was 1.4 lM. Lines are best
ﬁts to a sequential two closed states–one open state (C2–C1–O) model
[19].
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gene encodes an Al-activated plasma membrane malate
channel [17]. Consequently the vast majority of research in
wheat, especially with these genotypes, has focussed on this
mechanism. However, our data shows that ET8 and ES8 dif-
fer in their SV channel density (even in the absence of Al
treatment) and SV channel properties after exposure to vac-
uolar Al3+, suggesting that Alt1 locus may control more
than just expression of the plasma membrane malate channel
as previously believed.
4.2. SV channels properties in ET8 and ES8
SV channels in wheat root vacuoles display landmark char-
acteristics of SV channels [16–18]: they activate with steep volt-
age dependence at positive (cytosol minus vacuole) voltages
and showed a characteristic delay in activation time course,
implying the involvement of at least two closed states [19]. Un-
der conditions of this study (100 mM K+, 2 mM Ca2+) the uni-
tary conductance of wheat SV channels was 66 pS (Fig. 2A),typical for SV channels at these conditions [20]. Although
basic characteristics of SV channels in ET8 and ES8 cultivars
were similar, quantitatively signiﬁcant diﬀerences were ob-
served in deactivation kinetics (Fig. 3). Also, the activation
kinetics of SV in ET8 and ES8 were equal under control con-
ditions, but was selectively slowed by micromolar Al3+ in ET8
but not in ES8 vacuoles (Fig. 1). Furthermore, the voltage-
dependent open probability of SV channels in ET8 but not
in ES8 vacuoles was decreased by Al3+ (Fig. 2B), indicating
cultivar speciﬁc stabilisation of the closed states of SV in
ET8. These observed diﬀerences in functional characteristics
of SV channels between genotypes may be attributed to either
alteration of the respective gene or to complex regulation of
the SV channels, especially Ca-dependent and Ca-independent
phosphorylation–dephosphorylation of the channel protein
[21].
4.3. SV channels, Ca2+ signalling and Al tolerance
Al induced elevations in [Ca2+]cyt have been shown to corre-
late well with reduction in root growth in both wheat and rye
[3,4]. Moreover, it has been shown that the increase in [Ca]cyt is
faster and higher in Al-sensitive ES8 than Al-tolerant ET8 [3].
This diﬀerence was explained by malate exudation in ET8
reducing Al3+ activity at the plasma membrane and therefore
the response in [Ca2+]cyt. The speciﬁc mechanism of Al-in-
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cellular sources of Ca2+ have been suggested and the SV chan-
nel is a likely candidate to control transport of the former.
Signiﬁcantly our ﬁnding of higher channel density in ES8 than
ET8 may contribute to the faster and higher elevation of
[Ca2+]cyt in ES8.
The SV channel was recently identiﬁed as a product of TPC1
gene, encoding double-pore Ca channel [10]. Knock-out Ara-
bidopsis mutants showed altered Ca2+ signalling and reduced
repression of germination by ABA. Importantly, elevated
ABA is one of the early responses to Al [22]. Kawano and
co-workers reported [Ca2+]cyt increases in response to reactive
oxygen species (ROS) in transformed tobacco cells; and this re-
sponse was higher in cells over expressing TPC1 and reduced
by co-suppression [8,9]. Again, ROS production has been iden-
tiﬁed as an early response to Al [23]. This evidence strongly
suggests that SV channels are involved in Al induced Ca2+ ele-
vation.4.4. Impact of SV channel properties on Al tolerance
In the short-term, Al3+ causes the cytosolic Ca2+ rise without
crossing the plasma membrane [3], but in the longer term Al3+
is taken up into the cytoplasm and vacuole [24,25], thus its ef-
fects on the intracellular Ca-channels should be considered.
Al3+ induced decrease of open probability of SV channels in
Al-tolerant ET8 cultivar may have a number of signiﬁcant ben-
eﬁts. Firstly, Al3+ is permeable in SV channels (Fig. 2A), so
Al3+ induced closure of the SV channels (Fig. 1B and 2B)
may aid sequestering Al in the vacuole. Secondly, it may also
help to lower the elevation in cytosolic Ca2+ due to a decreased
release of Ca2+ via SV channels.
Finally, our data suggested that long-term exposure to Al3+
increased the open probability of SV channels in ES8 but not
in ET8. This increase in open probability was quickly lost sug-
gesting low molecular weight regulatory factors were rapidly
washed out by vacuole perfusion with a standard solution.
The nature of these regulatory factors is the subject of further
investigation. The number of successful patches obtained was
quite low for a study comparing two cultivars, however the
large shift in open probability (more than one order of magni-
tude) gives us conﬁdence that further experiments will conﬁrm
our observation. The shift in activation threshold is highly sig-
niﬁcant physiologically as more SV channels are open at phys-
iological tonoplast potentials, contributing to the sustained
elevation of cytoplasmic Ca2+ in ES8. The observation of no
change in ET8 open probability in response to Al pre-treat-
ment may reﬂect a diﬀerence in mechanisms or a lower concen-
tration of Al3+ eliciting the response.
In conclusion it is obvious that ET8 and ES8 diﬀer in more
than just Al induced malate eﬄux, thus questioning the idea of
Alt1 locus only controlling expression of the plasma mem-
brane malate channel. Diﬀerential density and regulation of
SV channels in ES8 and ET8 by Al3+, either directly (inhibition
in ET8) or indirectly (increased open probability in ES8), may
contribute to diﬀerent Ca2+ responses in these cultivars, and
consequently to Al-tolerance. In order to determine
conclusively whether or not the diﬀerence in SV channels are
inherited on the Alt-1 locus it would be necessary to see if this
co-segregates with malate exudation. Further work is war-
ranted to determine the long-term implications of these SV
channel diﬀerences and the exact signalling pathway involved.Acknowledgements: This work was supported by ARC Discovery grant
to S. Shabala and CONACyT 38181N grant to I. Pottosin.
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